Abstract Leukocyte-endothelial cell adhesion and an altered metabolism of endothelial cell-derived nitric oxide (NO) have been implicated in the microvascular dysfunction associated with ischemia/reperfusion (I/R). The objective of this study was to determine whether NO donors can attenuate the reperfusion-induced increase in venular albumin leakage via an effect on leukocyte-endothelial cell adhesion. Leukocyte adherence and emigration as well as albumin extravasation were monitored in single postcapillary venules in rat mesentery subjected to 20 minutes of ischemia followed by 30 minutes of reperfusion. This I/R protocol elicits significant leukocyte adherence and emigration as well as a profound albumin leakage response. Superfusion of the mesenteric microcirculation with the NO donors sodium nitroprusside, spermine-NO, and SIN1 significantly reduced the I/R-induced leukocyte adherence/emigration and albumin leakage in post-T Nhere is a growing body of evidence that implicates neutrophils in the pathophysiology of ischemia/ reperfusion (I/R) injury. Intravital microscopic studies of tissues exposed to I/R have revealed an acute inflammatory response that is characterized by enhanced protein efflux and an increased adherence and emigration of leukocytes in postcapillary venules.'-4The latter observation, coupled to reports that monoclonal antibodies that prevent leukocyte-endothelial cell adhesion also attenuate I/R-induced increased microvascular permeability,5 -7 has led to the recognition that leukocyte-endothelial cell adhesion may be a rate-limiting step in the pathogenesis of I/R-induced tissue injury. Although the inflammatory response elicited by I/R has been extensively characterized, the mechanisms underlying this phenomenon remain poorly understood. Several factors, including reactive oxygen metabolites,8-12 leukotrienes,2 platelet-activating factor,13 and nitric oxide (NO),14 have been implicated in the leukocyte-endothelial cell adhesion and vascular protein leakage associated with I/R. It has been proposed that enhanced superoxide production in postischemic tissues leads to inactivation of endothelial cell-derived NO,15-17 which in turn results in leukocyte-endothelial cell adhesion and vascular protein leakage. '4,18-21 capillary venules, whereas neither spermine nor the NO synthase inhibitor NG-nitro-L-arginine methyl ester affected the I/R-induced responses. Platelet-leukocyte aggregation and mast cell degranulation were also observed in the postischemic mesentery, and the responses were also attenuated by the NO donors. Plasma nitrate/nitrite levels in the superior mesenteric vein were significantly reduced by I/R. The results of this study indicate that I/R-induced microvascular dysfunction (albumin leakage) is attenuated by NO and that the protective effect of NO donors may be related to their ability to reduce leukocyteendothelial cell and leukocyte-platelet interactions and/or mast cell degranulation. (Circ Res. 1994;74:376-382.) Key Words * vascular permeability * leukocyte-endothelial cell adhesion * mast cell degranulation * platelet-leukocyte aggregation The concept that NO inactivation contributes to the inflammatory response elicited by I/R has led to the proposal that NO donors may be useful in preventing or attenuating reperfusion-induced leukocyte-endothelial cell adhesion and vascular protein leakage. This possibility is supported by reports that NO donors significantly reduce the adhesion of neutrophils to isolated coronary arteries derived from postischemic feline myocardium.23 In the present study, we assessed the effectiveness of NO donors in ablating the I/R-induced inflammatory response within the mesenteric microcirculation. Specifically, we addressed the possibility that NO donors attenuate the leakage of albumin from postcapillary venules exposed to I/R by inhibiting leukocyte-endothelial cell adhesion and/or leukocyteplatelet aggregation within these microvessels. In addition, we examined the influence of NO donors on I/R-induced mast cell degranulation.
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The concept that NO inactivation contributes to the inflammatory response elicited by I/R has led to the proposal that NO donors may be useful in preventing or attenuating reperfusion-induced leukocyte-endothelial cell adhesion and vascular protein leakage. This possibility is supported by reports that NO donors significantly reduce the adhesion of neutrophils to isolated coronary arteries derived from postischemic feline myocardium. 23 In the present study, we assessed the effectiveness of NO donors in ablating the I/R-induced inflammatory response within the mesenteric microcirculation. Specifically, we addressed the possibility that NO donors attenuate the leakage of albumin from postcapillary venules exposed to I/R by inhibiting leukocyte-endothelial cell adhesion and/or leukocyteplatelet aggregation within these microvessels. In addition, we examined the influence of NO donors on I/R-induced mast cell degranulation.
Materials and Methods

Surgical Procedure
Male Sprague-Dawley rats (200 to 250 g) were maintained on a purified laboratory diet and fasted for 24 hours before each experiment. The animals were initially anesthetized with pentobarbital (65 mg/kg body weight), then a tracheotomy was performed to facilitate breathing during the experiment. The right carotid artery was cannulated, and systemic arterial pressure was measured with a Statham P23A pressure transducer (Oxnard, Calif) connected to the carotid artery cannula. Systemic blood pressure and heart rate were continuously recorded with a Grass physiological recorder (Grass Instruments, Quincy, Mass). The left jugular vein was also cannulated for drug administration. for microscopic observation as described previously.22 '24 Briefly, the mesentery was draped over a nonfluorescent coverslip that allowed for observation of a 2-cm2 segment of tissue. The exposed bowel wall was covered with Saran Wrap (Dow Chemical Co); then the mesentery was superfused with bicarbonate-buffered saline (37°C, pH 7.4) that was bubbled with a mixture of 5% CO2 and 90% N2, which exposes mesenteric tissue to an oxygen tension of approximately 40 mm Hg.
An inverted microscope (TMD-2S, Diaphoto, Nikon, Tokyo, Japan) with a x40 objective lens (Fluor, Nikon) was used to observe the mesenteric microcirculation. The mesentery was transilluminated with a 12-V, 100 
Experimental Protocols
After all parameters measured on-line were in a steady state, images from the mesenteric preparation were recorded on videotape for 10 minutes. Immediately thereafter, the superior mesenteric artery (SMA) was ligated with a snare created from polyethylene tubing. The mesentery was made ischemic for 0 (sham operation) or 20 minutes. After the ischemic period, the snare was gently released. In some experiments, either sodium nitroprusside (SNP) (100 gmol/L; Sigma), spermine-NO (100 ,umol/L; supplied by Dr Larry Keefer, National Cancer Institute, Frederick, Md), SIN1 (100 gmol/L), or spermine (100 ,umol/L; Signa) was added to the superfusate beginning 15 minutes before SMA occlusion and lasting throughout the reperfusion period; otherwise, the same protocol was used. A similar protocol was used for experiments employing NG-nitro-L-arginine methyl ester (L-NAME, 100 ,umol/L; Sigma); however, since this agent is known to elicit an inflammatory response in normal rat mesentery,22 it was added to the superfusate at the time of reperfusion. In some experiments, plasma samples were obtained from the carotid artery and superior mesenteric vein under baseline conditions (before I/R) and at 30 minutes after reperfusion. These samples were used to determine the plasma nitrite and nitrate levels, an index of NO formation.
The use of a total arterial occlusion model of I/R injury limited our ability to assess the changes that are due to ischemia per se. Some measured variables such as leukocyte adherence and emigration, venular wall shear rate, and platelet-leukocyte aggregation could not be readily assessed immediately before reperfusion. However, in five additional experiments, we were able to stain mast cells by superfusion of the mesentery with toluidine blue to assess whether ischemia per se elicited mast cell degranulation.
Plasma Nitrite and Nitrate Determinations
Plasma levels of nitrite and nitrate in fasted rats were determined with a minor modification of the method of Granger et 
Results
In untreated (control) rats, the RBC velocity and wall shear rate in mesenteric venules were 3.12+0.18 mm/s and 535-+±6 seconds`respectively, under baseline conditions (see Table) . No significant changes in leukocyte adherence were noted in I/R preparations exposed to either spermine or L-NAME (Fig 1A) . A similar pattern of effectiveness in reducing leukocyte emigration (Fig 1B) was observed with the different NO donors; ie, SNP, spermine-NO, and SIN1 reduced the number of emigrated leukocytes by 29% to 57%, 64% to 71%, and 68% to 75%, respec- tively, whereas spermine and L-NAME had no effect. Exposure of the rat mesentery to I/R was frequently associated with the appearance of large platelet-leukocyte aggregates that filled the venule lumen and coursed rapidly through the vessel with flowing blood. These aggregates have been previously described by other investigators as "flying thrombi"28 and have been observed in mesenteric venules exposed to the NO synthase inhibitor L-NAME. 22 Although such aggregates were never observed during control conditions, 12.2+
1.4 aggregates per 5 minutes were observed in venules exposed to 20 minutes of ischemia and 30 minutes of reperfusion. Fig 3 summarizes by intestinal I/R (20.3 ±4.2 versus 15.5+ 1.8 ,umol/L). An approximation of the decline in NO production resulting from I/R can be derived from the changes in the product of venular blood flow and the arteriovenous difference in nitrite/nitrate concentrations estimated before and after I/R. This approach predicts that I/R elicits a 98% reduction of NO production in rat mesentery.
Discussion
Depletion and/or inactivation of NO has been implicated as a key event in eliciting the acute inflammatory response observed in tissues exposed to I/R.1418,23 A major objective of this study was to determine whether restoration of NO levels in postischemic rat mesentery with NO donors will result in an attenuation of the microvascular alterations normally observed in this model of acute inflammation. I/R of the rat mesentery is associated with an increased number of adherent and emigrated leukocytes, increased albumin extravasation, and the formation of platelet-leukocyte aggregates within postcapillary venules. The mast cells surrounding mesenteric microvessels also respond to I/R by degranulating. The results of the present study indicate that all of these inflammatory responses to I/R are significantly attenuated by exposure of the mesentery to NO donors. In the present study, nitrite/nitrate levels in the superior mesenteric vein were used to determine whether I/R affects NO production in postischemic intestine. Our results indicate that 20 minutes of occlusion of the SMA and subsequent release led to a reduction in nitrite/nitrate levels, suggesting that I/R probably results in an inhibition or inactivation of NO synthase. The enhanced superoxide production that occurs in postischemic tissues9,10'2 would also reduce the bioavailability of endothelial cell-derived NO, although this effect would not be reflected as a change in plasma nitrite/nitrate. Consequently, one would predict that I/R should significantly reduce tissue NO levels as a result of both NO synthase inactivation and superoxide-mediated NO inactivation. Such a profound reduction in NO levels would explain why L-NAME, the NO synthase inhibitor, failed to exacerbate the leukocyteendothelial cell adhesion and vascular protein leakage elicited by I/R.
An important observation of the present study is that NO donors effectively attenuate the leukocyte adherence and emigration in postcapillary venules elicited by I/R. These It is well known that alterations in venular shear rate can exert a significant influence on leukocyte adhesion in postcapillary venules. Reductions in venular shear rate tend to promote leukocyte adhesion, whereas in-creases in shear rate would be expected to decrease leukocyte adhesion. 35 In the present study, we noted a significant (approximately 40%) reduction in venular shear rate after IR. Furthermore, all of the NO donors prevented this reduction in shear rate. These observations raise the possibility that NO donors attenuate I/R-induced adhesion by increasing wall shear rate. Data obtained from feline mesenteric venules suggest that the 40% reduction in wall shear rate observed in this study is not likely to elicit a significant adhesion response.35 However, it is possible that rat mesenteric venules may sustain a higher level of leukocyte adherence at low shear rates compared with those of cats. Indeed, our observation that the magnitude of the leukocyte adhesion (adherence and emigration) response elicited by I/R is inversely related to wall shear rate suggests that this possibility cannot be readily dismissed.
One of the major effects of I/R on postcapillary venules is the formation of platelet-leukocyte aggregates. Our previous work indicates that the formation of these aggregates involves an interaction between P-selectin on platelets with its ligand on leukocytes.722 We have shown that exposure of rat mesenteric venules to the NO synthase inhibitor L-NAME elicits the formation of platelet-leukocyte aggregates, which is also attenuated by a P-selectin-specific monoclonal antibody. 22 The latter observation indicates that NO is an important factor that serves to prevent platelet-leukocyte aggregation under normal physiological conditions and that conditions associated with reduced NO production or enhanced NO inactivation are associated with an enhanced rate of formation of these aggregates. Thus, it is not entirely surprising that platelet-leukocyte aggregates are formed in postischemic venules and that NO donors are so effective in preventing the formation of these aggregates. Thus, the results of the present study, coupled with our previous work, would suggest that the NO donors interfere with either the expression or function of P-selectin on the surface of I/R-activated platelets. The contribution of the platelet-leukocyte aggregates to the pathobiology of I/R injury remains unclear; however, it is conceivable that these structures exacerbate the low microvascular perfusion observed in postischemic tissues and that they may contribute to the distant organ injury observed after reperfusion of the ischemic intestine. 36 An additional observation in this study was the significant mast cell degranulation elicited by I/R and the ability of NO donors to prevent this degranulation response. Previous reports have demonstrated that NO synthase inhibitors cause mast cell degranulation.37 Furthermore, in vitro studies indicate that NO donors may stabilize mast cells. 38 Consequently, our results suggest that the reduction in NO production and the NO inactivation associated with I/R ultimately results in destabilization of mast cell membranes and the subsequent release of mast cell products in the vicinity of postcapillary venules. Mast cells are known to release a variety of substances that could elicit the leukocyteendothelial cell adhesion, leukocyte-platelet aggregation, and vascular protein leakage associated with I/R. These include platelet-activating factor, histamine, leukotrienes, and the superoxide anion.39-41 A major finding in the present study was that the NO donors effectively attenuated the increased albumin leakage elicited in postcapillary venules by I/R. This protective effect of NO donors is consistent with our observation that NO synthase inhibitors cause an increased leakage of albumin in mesenteric venules. 22 We also demonstrated that L-NAME-induced vascular protein leakage is significantly reduced by prior administration of monoclonal antibodies that prevent leukocyte-endothelial cell adhesion.1922 The latter observation raises the possibility that NO donors reduce vascular protein leakage by virtue of their ability to attenuate leukocyte adhesion and emigration. The coupling between IR-induced vascular protein leakage and either the number of adherent or emigrated leukocytes (Fig 2) lends credence to this interpretation. However, the data presented in Fig 2 also suggest that the protective effect of the NO donors cannot be attributed entirely to inhibition of leukocyte-endothelial cell adhesion. It is conceivable that substances derived from activated platelets and/or mast cells may also contribute to the vascular leakage response and that the NO donors may afford protection by stabilizing or inactivating these cells. We previously reported that L-NAMEinduced albumin leakage in rat mesenteric venules is slightly but significantly attenuated by an antibody against P-selectin,22 which virtually abolished the formation of platelet-leukocyte aggregates. This observation suggests that platelets may make only a small contribution to the vascular leakage observed in conditions associated with reduced NO production and/or NO inactivation.
